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We study the stability of the electroweak vacuum in low-scale inflation models whose Hubble parameter
is much smaller than the instability scale of the Higgs potential. In general, couplings between the infla-
ton and Higgs are present, and hence we study effects of these couplings during and after inflation. We
derive constraints on the couplings between the inflaton and Higgs by requiring that they do not lead to
catastrophic electroweak vacuum decay, in particular, via resonant production of the Higgs particles.
I. INTRODUCTION
The Higgs potential may have a deeper minimum than the
electroweak (EW) vacuum once we assume that the Standard
Model (SM) is valid up to a certain high-energy scale given the
current observational results of the SM parameters. It does
not mean any contradiction with the present universe since
the allowed values of the SM parameters are likely to cause
the metastable vacuum where the lifetime of the EW vacuum
far exceeds the age of the universe [1–14].[1 Still, the exis-
tence of such a deeper minimum might cause problems in the
early universe [19–25], especially during [26–38] and after in-
flation [39–44]. For instance, we can derive an upper bound
on the inflation energy scale if there is no sizable coupling be-
tween the inflaton/the Ricci scalar and the Higgs during in-
flation. Otherwise, the Higgs acquires superhorizon fluctua-
tions which are large enough to overcome the potential bar-
rier during inflation. Thus, we assume that the EW vacuum
is indeed metastable, and study its implications on dynamics
during and after inflation in this paper.
Previous studies in this direction are performed mainly in
the context of high-scale inflation. The reason is that the
Hubble parameter during inflation Hinf must be at least com-
parable to the instability scale of the Higgs potential hinst (∼
1010 GeV for the center values of the SM parameters) for infla-
tion to have nontrivial effects on the EW vacuum, since other-
wise superhorizon fluctuations during inflation are too small
to overcome the potential barrier. However, the situation com-
pletely changes once we consider dynamics after inflation. Af-
ter inflation, or during the inflaton oscillation epoch, the typ-
ical scale of the system is at least as large as the inflaton mass
mφ . Thus, as long as mφ > hinst, even low-scale inflation that
satisfies hinstHinf may threaten the metastable EW vacuum.
This is possible because low-scale inflation models typically
yield mφ Hinf.
In this paper, we study dynamics of the Higgs during the
inflaton oscillation epoch for low-scale inflation models with
mφ > hinst and mφ  Hinf. In general, there are no reasons
to suppress couplings between the inflaton and the Higgs. If
these couplings are sizable, a resonant production of the Higgs
particles occurs due to the inflaton oscillation, which is the so-
called “preheating” phenomenon [45, 46]. The produced Higgs
particles may force the EW vacuum to decay into the deeper
minimum through the negative Higgs self-coupling. Thus we
[1 For the gravitational correction, see e.g. Refs. [15–18] and references therein.
may obtain tight upper bounds on the couplings by requiring
that the EW vacuum survives the preheating epoch.
Previous studies on the preheating dynamics of the EW vac-
uum focused on high-scale inflation models [40–44] but there
are some qualitative differences between high- and low-scale
inflation models. For low-scale inflation models, one signifi-
cant complexity arises due to the tachyonic instability of the
inflaton fluctuation itself during the last stage of inflation and
the subsequent inflaton oscillation epoch [47–50]. It can be ef-
ficient enough to break the homogeneity of the inflaton field
before the Higgs field fluctuation develops. Our purpose in this
paper is to derive the upper bounds on the Higgs-inflaton cou-
plings in low-scale inflation models taking these effects into
account.
This paper is organized as follows. In Sec. II, we explain our
setup. Since low-scale inflation models typically correspond
to small field inflation models, we concentrate on hilltop in-
flation models in this paper. In Sec. III, we briefly discuss the
dynamics of the Higgs during inflation for low-scale inflation
models. In Sec. IV, we study the preheating dynamics of the
Higgs and inflaton itself, and qualitatively discuss the feature
of the whole system. In Sec. V, we perform numerical simu-
lations to derive bounds on the Higgs-inflaton couplings. Fi-
nally, Sec. VI is devoted to summary and discussions.
II. SETUP
In this section, we summarize our setup. We take the La-
grangian as
L = M
2
Pl
2
R − 1
2
 
∂ φ
2− 1
2
(∂ h )2−U (φ, h ), (1)
where MPl is the reduced Planck scale, R is the Ricci scalar,φ is
the inflaton, and h is the Higgs.[2 We assume that the inflaton
is singlet under the SM gauge group, and hence trilinear as well
as quartic portal couplings between the inflaton and the Higgs
are allowed in general. Thus we take the following generic form
for the potential:
U (φ, h ) = V (φ) +
eσφh
2
φh 2 +
λφh
2
φ2h 2 +
m 2h
2
h 2 +
λh
4
h 4, (2)
where V is the inflaton potential, m 2h is the bare mass of Higgs,
and eσφh , λφh , and λh are coupling constants. Note that the
[2 We consider only one degree of freedom for simplicity. The results change
only logarithmically even if we consider the full SU(2) doublet.
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2inflaton can have some gauge charges other than SM, such as
U(1)B−L. In that case,φ should be regarded as a radial compo-
nent of the complex scalar, and eσφh = 0. In this paper, how-
ever, we keep eσφh 6= 0 to make our discussion generic. Also,
although it is higher dimensional, the following term may be
relevant:
δLkin = ckin h
2
M 2Pl
 
∂ φ
2
. (3)
It can be sizable, for it respects the shift symmetry, φ → φ +
const. We can also consider the non-minimal coupling be-
tween the Higgs and R . We first omit these terms for simplicity,
and discuss their effects at the end of this paper.
Below we explain each term in detail.
A. Inflaton potential
As a prototype of an inflaton potential for low-scale infla-
tion, we consider the hilltop model [51–54] (see Refs. [55–58]
for supergravity embeddings):
V (φ) =Λ4

1−

φ
vφ
n2
, (4)
where n > 2 is an integer and vφ > 0 is the vacuum expecta-
tion value (VEV) of the inflaton at the minimum of its poten-
tial. The inflaton mass around the minimum is
mφ =
p
2nΛ2
vφ
. (5)
Since we are interested in small field inflation models, we as-
sume that vφ  MPl. Otherwise, the model would be rather
similar to high-scale inflation models. Inflation takes place in
the flat region of the potential: |φ|  vφ . Here and in what
follows, we consider the field space of the positive branch:
φ > 0.[3 The Hubble parameter at the end of inflation Hinf is
typically much smaller than mφ in this case:
Hinf
mφ
' vφp
6nMPl
 1. (6)
Using the standard technique to calculate the large-scale
curvature perturbation [60], one finds the scalar spectral index
and tensor-to-scalar ratio as
ns ' 1− 2N
n −1
n −2 , r '
16n
N (n −2)

1
2N n (n −2)
v 2φ
M 2Pl
 n
n−2
, (7)
where N is the e-folding number of the cosmic microwave
background (CMB) scale, which lies between 50 and 60 de-
pending on the subsequent thermal history. Thus the tensor-
to-scalar ratio is negligibly small in small-field models with
[3 A pre-inflation before the observed inflation can solve the initial condition
problem of the hilltop inflation. If there exist a Hubble induced mass term
during the pre-inflation and a small Z2 (φ→−φ) breaking term, the initial
condition is dynamically selected [59].
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FIG. 1. Here we show ns -r plane for n = 4, 6, 8 with varying k from
10−4 to 10−2. The solid (dashed) lines correspond to N = 50 (60). The
circle, triangle, and square represent points at k = 10−4, 10−3, 10−2 re-
spectively. The yellow shaded region stands for one and two sigma
regions of ns [61].
vφ MPl. The overall normalization of the curvature pertur-
bation observed by the Planck satellite [61] implies
Pζ ' 2.2×10−9 '

2n ((n −2)N )n−1 2n−2
12pi2
Λ4
(v nφM
n−4
Pl )
2
n−2
. (8)
It relatesΛ and vφ and hence there is essentially one parameter
left, which we take vφ hereafter.
For a reasonable value of n , the predicted spectral index
[Eq. (7)] is slightly outside the favored range: ns = 0.968(6) at
68% confidence level [61]. This discrepancy is resolved if there
exists the following Planck suppressed operator [55, 56]:
δVPl =−Λ4 k2
φ2
M 2Pl
, (9)
with k ® O (1/nN ). While it is too small to change the infla-
ton dynamics significantly, it can shift the slow-roll parameter
η for a certain range of k . If n ¾ 6, it is possible to shift the
spectral index within 68% confidence level for N = 50–60. See
Fig. 1 and Ref. [62]. Since the suitable value of k is small, this
term is safely neglected in the oscillation phase. Thus, we use
the potential given in Eq. (4) in the following discussion.
B. Higgs-inflaton couplings and bare mass term
If we denote ϕ ≡ vφ −φ, the potential is given as
U (φ, h ) =V (vφ −ϕ) + 12

m 2h + eσφh vφ +λφh v 2φh 2
+
σφh
2
ϕh 2 +
λφh
2
ϕ2h 2 +
λh
4
h 4, (10)
where we have defined
σφh ≡−  eσφh +2λφh vφ . (11)
Note that ϕ = 0 at the minimum of the potential. Here comes
our crucial observation. In order to realize the EW scale, the
3bare Higgs mass and the mass coming from the inflaton VEV
must be canceled:[4
m 2h + eσφh vφ +λφh v 2φ = 0. (12)
It is a tuning, but we cannot avoid it since we assume that the
SM is valid up to some high-energy scale aside from the infla-
ton sector. Thus, the potential is now given by
U (φ, h ) =V (vφ −ϕ) + σφh2 ϕh
2 +
λφh
2
ϕ2h 2 +
λh
4
h 4. (13)
In particular, the Higgs is almost massless at ϕ = 0.
Now we discuss quantum corrections to the potential. The
Higgs-inflaton couplings modify/induce runnings of the Higgs
four point coupling/inflaton self-interactions. Here let us fo-
cus on radiative corrections to the inflaton self-interactions;
for the Higgs four point coupling, see the next Sec. II C. As one
can infer from Eq. (4), the potential for the low-scale inflation
has to be extremely flat, and hence only a small change might
spoil the successful inflation. Suppose that the effective po-
tential around the vacuum 〈φ〉 ∼ vφ is given by Eq. (13) at the
end of inflation for some renormalization scale µ. We will take
µ as the typical scale of the preheating dynamics (µ ¦ mφ).
See Sec. II C for more details. We put bounds on the couplings
defined at this scale since we are interested the preheating
dynamics. Now the question is whether or not inflaton self-
interactions are radiatively induced forφ→ 0 and spoil the in-
flation. At the one-loop level, the radiative correction is given
by the Coleman-Weinberg effective potential,
VCW(φ) =
m 4h (φ)
64pi2
ln

m 2h (φ)
µ2

, (14)
where we define m 2h (φ) ≡ m 2h + eσφhφ + λφhφ2, and the cou-
plings are evaluated at the scale µ. We have assumed m 2h (φ)>
0 during inflation. Otherwise, the Higgs potential might be
destabilized during inflation (see Sec. III). In order not to
change the tree-level inflaton potential too much during infla-
tion, we need |∂ VCW/∂ φ|® |∂ V /∂ φ|. It roughly indicatesσφh ®mφ  vφMPl
 n−1
n−2
,
λφh ® mφMPl
 vφ
MPl
 1
n−2
, (15)
for eσφh 6= 0. For eσφh ' 0, we have insteadσφh ®mφ vφMPl , λφh ® mφMPl . (16)
C. Higgs potential
Finally, we discuss the Higgs quartic self-coupling λh . In or-
der to understand the high-energy behavior of λh , we must
carefully consider the scalar threshold correction [63, 64].
Once we neglect the Higgs-inflaton quartic coupling, the po-
tential at around the minimum is written as
U ' m
2
φ
2

ϕ+
σφh h
2
2m 2φ
2
+
1
4

λh −
σ2φh
2m 2φ

h 4. (17)
[4 We have neglected the EW scale since we are interested in the phenomena
whose energy scale is much higher than the EW scale.
Thus the Higgs potential below the energy scale of mφ is
VSM(h ) =
λSM
4
h 4, λSM =λh −
σ2φh
2m 2φ
. (18)
It is clear that the quartic coupling λSM in the low-energy ef-
fective theory is different from λh .
Up to the energy scale of mφ , the running of λSM is just that
of the SM, and hence it turns to be negative at around 1010 GeV
according to the current center values of the top/Higgs masses.
For simplicity, we approximate it as
λSM =−0.01× sgn  µ−hinst for µ<mφ , (19)
where µ is the energy scale of the system and hinst is the in-
stability scale of the Higgs potential which we take hinst =
1010 GeV. If mφ < hinst, λh is positive at least up to at around
µ = hinst.[5 Thus, to overcome the potential barrier, the Higgs
dispersion must be enhanced as large as 〈h 2〉 ¦ h 2inst > m 2φ .
However, such an enhancement requires a large coupling with
inflaton which is likely to spoil the flatness of the inflaton po-
tential (see Eq. (15)).[6 Therefore in this paper, we concentrate
on the opposite case:
mφ > hinst. (20)
Then, by matching at µ = mφ , the boundary condition for λh
is roughly given as
λh |µ=mφ =−0.01+
σ2φh
2m 2φ

µ=mφ
. (21)
Ifσ2φh/m
2
φ ¦ 0.01, it may significantly affect λh so that it helps
to stabilize the Higgs potential at the high-energy region.[7
Thus, there may be another minimum at around h 'mφ and
ϕ ' −σφh because of Eqs. (17) and (20), and it may affect the
dynamics of the Higgs in the early universe.
Instead of being involved in such a complexity, in this paper
we simply concentrate on the case
σ2φh
m 2φ
 0.01. (22)
Then, we may approximate the quartic coupling as
λh =−0.01× sgn  µ−hinst . (23)
We take the renormalization scale as µ = max (Hinf, h ) during
inflation [32], andµ= max
 
H ,
p〈h 2〉 during preheating. Here
H is the Hubble parameter, and 〈h 2〉 is the dispersion of the
Higgs field. Actually, as soon as the resonant Higgs production
occurs, the dispersion becomes 〈h 2〉¦m 2φ , and hence it dom-
inates over the Hubble parameter.
[5 The potential can be even absolutely stable depending onσ2φh/m
2
φ and the
sign of λφh [63, 64].
[6 In fact, the hilltop model (n = 6) with mφ < hinst ∼ 1010 GeV cannot have
large resonance parameters because of Eq. (40).
[7 If λφh is negative, the potential may not be absolutely stable anyway, de-
pending on the precise form of V (φ).
4III. HIGGS DYNAMICS DURING INFLATION
Before studying the preheating stage, we summarize the
Higgs dynamics during inflation in this section. As studied
extensively [26–38], the de-Sitter fluctuation of the Higgs field
may lead to the collapse of the vacuum during inflation if the
inflation scale is too high. It is instructive to see what happens
if the inflation scale is so low that Hinf hinst.
In the present model, since φ  vφ during inflation, the
Higgs potential during inflation is approximately given by
V (h )' m
2
h
2
h 2 +
λh
4
h 4, (24)
where the bare Higgs mass m 2h satisfies Eq. (12). There are two
possibilities: m 2h < 0 and m
2
h > 0.
First, let us consider the case of tachyonic Higgs during in-
flation: m 2h < 0, or eσφh vφ+λφh v 2φ > 0. In this case, the param-
eters must satisfy
|λh |h 2inst > |m 2h |, (25)
since otherwise the potential decreases monotonically toward
large h and the Higgs may roll down to the deeper minimum
during inflation. As long as Eq. (25) is satisfied, the EW vacuum
is stable during inflation if the Hubble scale during inflation is
low enough, i.e., Hinf  hinst. Otherwise, the de-Sitter fluctua-
tion of the Higgs field is too large to stay at the local minimum
of the potential.
Next, let us consider the opposite case: m 2h > 0, or eσφh vφ +
λφh v
2
φ < 0. In this case, h = 0 is always a local minimum of the
potential, and it is stable against the de-Sitter fluctuation if
H 2infmax

h 2inst, m
2
h/|λh |

. (26)
If the condition (25) or (26) is satisfied, the Higgs field ef-
fectively stays at around the origin without overshooting the
potential barrier due to the de-Sitter fluctuation. However, it
does not guarantee the vacuum stability after inflation, since
the Higgs fluctuation can be resonantly enhanced during the
preheating stage as studied in detail in the next section.
IV. INFLATON AND HIGGS DYNAMICS DURING PREHEATING
In this section, we analytically describe the preheating dy-
namics of our system. We first discuss resonant inflaton pro-
duction in Sec. IV A. Since the inflaton potential at around
the minimum is far from quadratic in the low-scale inflation
model, inflaton particles are resonantly produced from the in-
flaton condensation. In fact, the inflaton particles can be even
tachyonic during the preheating epoch. Hence, the inflaton
production is so efficient that the backreaction destroys the in-
flaton condensation within several times of the oscillation. It
sets the end of the preheating epoch, and hence sets the upper
bound of the time we follow in this paper.
Then we discuss resonant Higgs production in Sec. IV B.
There we make use of a crude approximation that the inflaton
potential is dominated by the quadratic one. This is because
the purpose of this subsection is to understand the Higgs pro-
duction qualitatively and to make an order of magnitude es-
timation of the constraints on the couplings. More rigorous
analysis is performed numerically in the next section.
A. Inflaton dynamics during tachyonic oscillation
The inflaton oscillation is typically dominated by the flat
part of the potential just after inflation, and it causes a so-
called tachyonic preheating phenomenon. Below we closely
follow the discussion in Ref. [48] concerning the linear regime
of the tachyonic preheating. More details are given in App. A.
There are two stages of tachyonic preheating. The first stage
is further divided into the epoch between the point |η| = 1
and ε = 1, and the interval between ε = 1 and the first pas-
sage of φ = vφ . Here ε and η are the slow-roll parameters:
ε ≡M 2Pl(V ′/V )2/2, η ≡M 2PlV ′′/V . The tachyonic growth starts
after |η| ¦ 1, where there is a large hierarchy between η and ε
in low-scale inflation models. Therefore, the tachyonic growth
occurs at the plateau regime of the inflaton potential, and the
inflaton fluctuation with k/a ®Hinf will develop. While the in-
flaton is rolling down the potential, higher momentum modes
with Hinf < k/a ® mφ also experience tachyonic growth, but
modes with low k/a (®Hinf) are most enhanced because they
have more time to develop. The inflaton fluctuation with such
low-momenta atφ = vφ is estimated as[8
δφk (φ(t ) = vφ)
δφk (|η|= 1) =
φ˙(φ(t ) = vφ)
φ˙(|η|= 1) ∼

MPl
vφ
 n
n−2
. (27)
Then the condition for the inflaton fluctuation to remain per-
turbative after the first passage ofφ(t ) = vφ is


δφ2

® v 2φ , and
it leads to  vφ
MPl
1/(n−2)
¦ Λ
vφ
. (28)
Using the Planck normalization (8), this translates into
vφ/MPl ¦ 10−6–10−5 independently of n . Otherwise, even
within one inflaton oscillation, the inflaton condensate may be
broken, and the subsequent inflaton-Higgs dynamics would
be too complicated. To avoid this complexity, we focus on the
case of vφ/MPl ¦ 10−6–10−5 so that we can reliably discuss the
Higgs dynamics in the second stage explained below.
In the second stage, the system goes into tachyonic inflaton
oscillation regime. During this stage, the inflaton oscillation is
far from harmonic because the most oscillation period is con-
sumed at the flat part of the potential φ  vφ . After the j -th
oscillation of the inflaton, the field value at the lower endpoint
is given by
φ j
vφ
'

j
p
3
2
vφ
MPl
1/n
. (29)
The most enhanced mode during this tachyonic oscillation
stage is basically determined by the curvature of the inflaton
potential atφ =φ j :
k∗
a
'mφ
 j vφ
MPl
(n−2)/(2n )
. (30)
[8 More precisely, the inflaton fluctuation δφk should be regarded as its
gauge-invariant generalization taking account of the scalar metric perturba-
tion (see Ref. [48] for more detail). Also, note that the curvature perturbation
on large-scale is conserved since δφk ∝ φ˙.
5It is this mode (k = k∗) that is most enhanced through the
whole tachyonic preheating process. Note that it is much dif-
ferent from the ordinary broad resonance in which the inflaton
oscillates about the quadratic potential. In our case, the fluctu-
ation becomes nonlinear, i.e., 〈δφ2〉 ∼ v 2φ , within several times
of oscillation. See App. A for more detail.
In summary, the inflaton fluctuation becomes nonlinear
within several times of oscillation due to the tachyonic pre-
heating. To avoid complications arising from the nonlinearity
and thermalization as well as possible model dependent dis-
cussions, we conservatively require that the vacuum remains
stable at least until the inflaton fluctuation becomes nonlin-
ear in this paper. Otherwise, we cannot avoid the catastrophe
anyway. Thus, the tachyonic production of the inflaton parti-
cles sets the upper bound of the time during which we follow
the dynamics in this paper.
B. Higgs dynamics during preheating
Now we are in a position to study the growth of the Higgs
field fluctuation during the preheating stage. In this sub-
section, we crudely approximate the inflaton potential as
quadratic, although the actual inflaton potential just after in-
flation is typically far from quadratic for low-scale inflation
models. Nevertheless, it helps us to understand the numeri-
cal results in the next section.
The potential of the inflaton and Higgs at the inflaton oscil-
lation phase is
U (φ, h ) =
m 2φ
2
ϕ2 +
λh
4
h 4 +
σφh
2
ϕh 2 +
λφh
2
ϕ2h 2. (31)
The inflaton potential is approximately taken to be quadratic
around the potential minimum. We consider the preheating
dynamics of this system, i.e., the resonant Higgs particle pro-
duction due to the inflaton oscillation.[9 The linearized equa-
tion of motion of the Higgs is
h¨k +
 
k 2 +σφhϕ+λφhϕ
2

hk = 0, (32)
where the dot denotes the derivative with respect to the time.
We have moved to the momentum space with k being the
momentum, and neglected the Hubble expansion because of
Eq. (6). The inflaton oscillation is described as
ϕ =ϕini cos
 
mφ t

, (33)
under the quadratic approximation. Here ϕini is the initial in-
flaton oscillation amplitude, which is roughly ϕini ∼ vφ (re-
member that ϕ ≡ vφ −φ). Note again that, although the oscil-
lation amplitude is a time-decreasing function due to the Hub-
ble expansion, the Hubble parameter is so small that the effect
of Hubble expansion is practically negligible in low-scale infla-
tion models with Hinfmφ [Eq. (6)].
By substituting it to Eq. (32), we obtain the Whittaker-Hill
equation:
h ′′k +

Ak +2p cos 2z +2q cos 4z

hk = 0, (34)
[9 The EW vacuum stability of this system during the preheating epoch is stud-
ied for large field inflation models in Refs. [42, 44].
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FIG. 2. The stability/instability chart of the Whittaker-Hill equation
for the mode with k = 0. The green shaded region corresponds to
the stability region, while the unshaded region does to the instability
region. The chart is even with respect to p .
where
Ak ≡ 4k
2
m 2φ
+2q , p ≡ 2σφhϕini
m 2φ
, q ≡ λφhϕ
2
ini
m 2φ
, z ≡ mφ t
2
, (35)
and the prime denotes the derivative with respect to z . The
term with q leads to the usual parametric resonance [45, 46],
while the term with p potentially leads to the tachyonic res-
onance [65]. In Fig. 2, we show the stability/instability chart
of the Whittaker-Hill equation for k = 0 for both positive and
negative q . If the parameters are in the instability region (the
unshaded region), Eq. (34) has exponentially growing solu-
tions, resulting in the resonant Higgs production. A similar sta-
bility/instability chart can be drawn for finite k modes. The
resonance parameters p and q are useful for estimating the
strength of the resonance even for a potential that is far from
quadratic, as in the case of the hilltop potential. For more de-
tails on the Whittaker-Hill equation and the Floquet theory,
see, e.g., Refs. [42, 66] and references therein.
In terms of the resonance parameters, the condition
p +2q ≥ 0, (36)
is necessary for the Higgs not to be tachyonic during inflation.
Although it does not necessarily cause a problem even if the
Higgs is tachyonic during inflation as long as Eq. (25) is fulfilled
(see Sec. III), we will assume that Eq. (36) holds in the following
for simplicity.
Once the resonant Higgs production occurs, it forces the EW
vacuum to decay into the deeper minimum [39–42, 44]. This
is because the produced Higgs particles induce the following
tachyonic mass from the Higgs self-quartic coupling:
m 2tac;h ' 3λh 〈h 2〉, (37)
where we have used the mean-field approximation. Note that
the dispersion is typically 〈h 2〉 ¦ m 2φ for the resonant particle
production, and thus we expect λh < 0 as can be seen from
Eqs. (20) and (23).
Thus we can constraint the resonance parameters, or the
couplings, by requiring that the EW vacuum is stable during
6d Ng L dt dk
2+1 2048 1500m−1φ 5×10−3m−1φ 4.2×10−3mφ
TABLE I. The parameters of our lattice simulation, where d is the
spacetime dimension, Ng is the number of grid in each spatial dimen-
sion, L is the size of the lattice, dt is the size of the each time step,
dk ≡ 2pi/L is the resolution of the momentum.
the preheating (or within several times of the inflaton oscilla-
tion). The tachyonic resonance is effective if |p | exceeds of or-
der unity (see Fig. 2), so we may requirep ®O (1), (38)
for the EW vacuum stability during the preheating. We will
confirm this expectation by classical lattice simulations [67, 68]
with a full hilltop inflaton potential in the next section. Note
that Eq. (38) implies that |q |®O (1)without any accidental can-
cellation betweenσφh and λφh . However, we will also discuss
the case |p |®O (1) and |q |  O (1) at the end of the next section
for the completeness of this paper.[10
V. NUMERICAL SIMULATION
In this section we perform classical lattice simulations to
study the EW vacuum stability during the preheating epoch.
For concreteness, we take n = 6 in the inflaton potential (4).
The CMB normalization (8) implies
Λ
MPl
4
' 7×10−14
 vφ
MPl
3 N
60
−5/2
. (39)
For example, for vφ/MPl = 10−3, we have Λ/MPl ' 3 × 10−6,
Hinf ' 107 GeV and mφ ' 2×1011 GeV. Thus the parameters sat-
isfy Hinf  hmax <mφ , and hence this model is indeed a good
example of our general argument in the previous sections. The
condition (15) is given in terms of p and q as
p ® vφ
mφ
 vφ
MPl
5/4
,
q ® vφ
mφ
 vφ
MPl
5/4
. (40)
In the present case of n = 6, the right-hand sides of these in-
equalities are larger than unity for vφ/MPl ¦ 10−4.
We numerically solved the classical equations of motion de-
rived from the Lagrangian (1) as well as the Friedmann equa-
tions. We start to solve the equations when the slow-roll pa-
rameter ε becomes unity. It corresponds to ϕini ' 0.74vφ for
vφ = 10−2MPl, and ϕini ' 0.84vφ for vφ = 10−3MPl. We took the
initial velocity of the inflaton as zero. We also introduced initial
Gaussian fluctuations that mimic the quantum fluctuations
for the inflaton and the Higgs. We have assumed that they are
in the vacuum state initially. This is justified for vφ/MPl ¦ 10−6–
10−5 since we can safely neglect inflaton particle production at
the first stage in this case as discussed in Sec. IV A. We have also
added h 6 term in the Higgs potential just for numerical conver-
gence. We have checked that it does not modify the dynamics
[10 Note that q ¦−O (1) from Eqs. (36) and (38).
before the EW vacuum decays. The parameters of our lattice
simulations are summarized in Tab. I. For more details on the
classical lattice simulation, see for instance Refs. [40, 69, 70]
and references therein.
Since we have two different momentum scales (Eq. (30) and
mφ), we must take the number of grids Ng to be large. This is
why we took the spatial dimension to be two instead of three
(see Tab. I). As far as the linear regime is concerned, the results
are not expected to change drastically for different numbers of
spatial dimensions.
We show our numerical results for vφ = 10−2MPl and vφ =
10−3MPl in Figs. 3 and 4 respectively. We have followed the dy-
namics until mφ t = 150 and 250 for vφ = 10−2MPl and 10−3MPl,
respectively, since the inflaton condensation is broken slightly
before these times. The black line is the inflaton condensation
〈ϕ〉2, the red line is the inflaton dispersion 〈ϕ2〉−〈ϕ〉2, and the
blue line is the Higgs dispersion 〈h 2〉, where the angle brackets
denote the spatial average. They are normalized by the initial
amplitude of the inflaton condensation ϕ2ini. The resonance
parameters p and q are written at the tops of these figures.
Let us start with the upper panels in Figs. 3 and 4. There, the
resonance parameter p satisfies p ¦ O (1), and both q > 0 and
q < 0 cases are considered. As we can see from the figures, the
EW vacuum is actually destabilized during the preheating for
these cases. On the other hand, we have taken the resonance
parameters as p = q ® O (1) in the lower left panels in Figs. 3
and 4. In these cases, the EW vacuum survives the preheating.
Thus the numerical results are consistent with our expectation
in Sec. IV B. That is, p = 2σφhϕini
m 2φ
®O (1), (41)
is required for the stability of the EW vacuum during the pre-
heating. We have checked that this criterion is indeed satis-
fied for several other values of p and q . In particular, we have
also calculated the case p < 0. In this case, the Higgs becomes
tachyonic in the region ϕ > 0, where it takes more time for
the inflaton to oscillate. Hence the Higgs is more likely to be
enhanced and the EW vacuum decays faster compared to the
case p > 0.[11 In any case, the EW vacuum is stable during the
preheating as long as Eq. (41) holds and |q | ∼ |p |. The bound
(41) does not strongly depend on vφ since it is expressed solely
by the resonance parameters. It is consistent with the numer-
ical results with two different values of vφ .
Eq. (41) is our main result in this paper, and it also implies
|q | ® O (1) if there is no tuning of the parameters. Still, we
have also considered the case |p |  q for the completeness of
our study. Note again that an accidental cancellation between
σφh and λφh is necessary to achieve q  O (1) while satisfy-
ing Eq. (41) (see the footnote [10). In this case, the situation is
more complicated. When the parametric resonance is domi-
nant, the condition for the EW vacuum destabilization in the
linear regime is estimated as [40, 42][12
|λh |
h 2¦ k 2h , (42)
[11 Note that the trilinear coupling eventually dominates over the quartic cou-
pling as the inflaton approaches to the minimum of its potential.
[12 Apparently, the condition, |λh 〈h 2〉|® k 2h , does not guarantee the stability for
the homogeneous mode of the Higgs, but actually it does. We briefly explain
the reason below. See Ref. [40] for the original argument. As can be seen from
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FIG. 3. The time evolution of the inflaton and the Higgs for vφ = 10−2MPl up to mφ t = 150. The black line is the inflaton condensation 〈ϕ〉2, the
red line is the inflaton two point function 〈ϕ2〉−〈ϕ〉2 and the blue line is the Higgs two point function 〈h 2〉, where the angle brackets denote the
spatial average. They are normalized by the initial inflaton amplitudeϕini. The EW vacuum is stable for (p , q ) = (0.5, 0.5), while it is destabilized
during the preheating for the other cases. The lower right panel corresponds to the case with an accidental cancellation betweenσφh and λφh .
where kh ≡mφq 1/4 is the typical momentum of the produced
Higgs particles. The dispersion grows like 〈h 2〉 ∼ k 2h e µg mφ t and
the growth factor µg does not much depend on q for the para-
metric resonance [46]. Hence the value of q is not so impor-
tant in this condition. As a result, it is likely that the EW vac-
uum does not decay during the linear regime even if we take
q to be larger, since we have restricted the number of times
of the inflaton oscillations in our analysis (only several times)
to avoid complications associated with the nonlinear behav-
ior of the inflaton. However, as the inflaton fluctuations grow
and become nonlinear, they can also produce the Higgs parti-
cles through the scatterings. It corresponds to the beginning of
Eq. (34), the Higgs acquires a positive mass term from the Higgs-inflaton
coupling. The Higgs escapes from its origin only when the tachyonic mass,
|δm 2tac;h|, overcomes the Higgs inflaton coupling. Expanding the effective
Higgs mass around φ = vφ , one can estimate the time interval, δt , during
which |δm 2tac;h|¦m 2h (φ) as |δm 2tac;h| ∼ q m 4φδt 2. If the tachyonic mass term
significantly drives the Higgs field during this time interval, or |δm 2tac;h|δt ¦
1, the vacuum decay takes place. This requirement coincides with Eq. (42).
the thermalization, which is studied in detail in, e.g., Ref. [71].
In this regime, the variance of the fields interacting with each
other tends to converge to a similar value though the scatter-
ing. Therefore, as q (or λφh ) becomes larger, the variance of
the Higgs particles 〈h 2〉 approaches to that of the inflaton 〈ϕ2〉
faster. In the present case, it might destabilize the EW vacuum
since |λh |  λφh . Actually, in the lower right panels in Figs. 3
and 4, the EW vacuum is destabilized at almost the same time
as the system becomes nonlinear for q ¦O (10). Thus, it might
be expected that
q =
λφhϕ
2
ini
m 2φ
®O (10) if p ®O (1), (43)
is at least required for the stability of the EW vacuum during
and also after the preheating.
If we follow the thermalization process for a longer time, the
constraints may become tighter than Eqs. (41) and (43). In this
sense, Eqs. (41) and (43) are just necessary conditions, and we
must also follow the dynamics after the preheating to deter-
mine an ultimate fate of the EW vacuum. However, to address
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FIG. 4. The time evolution of the inflaton and Higgs for vφ = 10−3MPl up to mφ t = 250. The black line is the inflaton condensation 〈ϕ〉2, the red
line is the inflaton two point function 〈ϕ2〉 − 〈ϕ〉2 and the blue line is the Higgs two point function 〈h 2〉, where the angle brackets denote the
spatial average. They are normalized by the initial inflaton amplitudeϕini. The EW vacuum is stable for (p , q ) = (0.5, 0.5), while it is destabilized
during the preheating for the other cases. The lower right panel corresponds to the case with an accidental cancellation betweenσφh and λφh .
this issue, we should take into account the couplings between
the Higgs and the SM particles, which might stabilize the EW
vacuum. We leave such a study for future work.
VI. SUMMARY AND DISCUSSIONS
In this paper, we have studied the implications of the EW
vacuum metastability during the preheating epoch with low-
scale inflation models, taking a hilltop inflation model as an
example. We have shown that, although the EW vacuum is
naturally stable during inflation for low-scale inflation models,
it may decay into the deeper minimum during the preheating
epoch due to the resonant Higgs production.
One of the particular features of the hilltop inflation model is
that there is a tachyonic preheating in the inflaton sector itself,
which is so strong that the inflaton fluctuation becomes non-
linear within several inflaton oscillations. To avoid complica-
tions arising from the nonlinearity of the inflaton, we derive
necessary conditions of the resonance parameters as |p |®O (1)
and q ®O (10) by requiring that the vacuum remains stable un-
til the inflaton becomes nonlinear (see Eq. (35) for the defini-
tions of p and q ). However, we also find that even after the
inflaton field becomes completely inhomogeneous, thermal-
ization processes between the inflaton and Higgs tend to en-
hance the Higgs fluctuation, which might cause the EW vac-
uum decay. In addition to that, the production of other SM
particles may also become relevant for such a long time scale,
whose effects are unclear. We did not give concrete bound tak-
ing into account such effects due to the complexity of the sys-
tem and limitation of the numerical simulation. In this sense,
the bounds we derived should be regarded as just a necessary
condition.
Still it might be possible to estimate sufficient conditions on
the Higgs-inflaton couplings to avoid the EW vacuum decay. If
the couplings are small enough (|p |, |q |  1), the band width of
the Higgs resonance becomes narrow [72–74] and the Hubble
expansion can kill the resonant Higgs production. The con-
dition that the narrow resonance does not happen is written
as [46],
p 2, q 2 ® Hinf
mφ
∼ vφ
MPl
. (44)
9If it is satisfied, the only way to produce Higgs bosons is the or-
dinary perturbative decay/annihilation of the inflaton (with-
out Bose enhancement). The perturbative decay/annihilation
rate may be estimated as
Γ (ϕ→ hh )' σ
2
φh
32pimφ
, Γ (ϕϕ→ hh )∼ λ
2
φh


ϕ2

32pimφ
. (45)
One may estimate the conservative bound which is free from
the uncertainty of thermalization, by requiring that the Higgs
dispersion from the perturbative decay/annihilation never ex-
ceeds the instability scale, 〈h 2〉< h 2inst:
p 2, q 2 ®O (102) vφ
MPl
h 2inst
m 2φ
. (46)
While the bounds (46) might be too conservative, it should be
noted that we need to take account of the whole thermaliza-
tion process including gauge bosons and quarks in order to de-
rive more precise bounds.
There are few remarks. First, we would like to comment on
possible interactions between the Higgs and the inflaton that
are not taken into account in the main text. Although it is
higher dimensional, the following term can be large for it re-
spects the shift symmetry of inflaton:
δLkin = ckin h
2
M 2Pl
 
∂ φ
2
. (47)
It induces an oscillating Higgs effective mass during the pre-
heating, and hence excites the Higgs fluctuations. If we use the
crude approximation that the inflaton potential is quadratic at
around the minimum, this coupling contributes to A and q in
addition to λφh , making them independent even for the mode
k = 0. By requiring again Eq. (43), we roughly estimate the con-
straint as
|ckin|®O (10)× M
2
Pl
v 2φ
. (48)
In Ref. [44], it is found that the resonance can be suppressed
by making the ratio A/q to be larger. However, in the present
case, the inflaton potential is actually far from quadratic just
after inflation, and hence it might be difficult to cancel the os-
cillating part between ϕ˙2 and ϕ2. A similar discussion can be
applied for the Higgs-gravity non-minimal coupling ξh h
2R .
The next one is the possibility that the Higgs mass atϕ = 0 in
the early universe is different from that in the present universe.
It is possible if, for instance, the Higgs couples to a scalar fieldχ
other than the inflaton which has a finite VEV in the early uni-
verse. The cancellation (12) does not hold in this case, and the
resonance due to the inflaton oscillation can be suppressed if
the Higgs mass atϕ = 0 is larger than of order mφ . However, χ
must relax to its potential minimum at some epoch so that the
Higgs mass is of the order of the EW scale in the present uni-
verse. We may need to discuss the resonant Higgs production
during such a relaxation of χ instead, if the mass of χ is larger
than the instability scale of the EW vacuum.
Third, we comment on other low-scale inflation models.
While there are various class of low-scale inflation models, we
expect that the bounds we found (|p | ® O (1) and |q | ® O (10))
do not change much. This is because our bounds only depend
on the form of the Higgs-inflaton potential around the mini-
mum (31). Thus they may be applied to other low-scale models
e.g., hybrid inflation [75] and attractor inflation [76], although
more detailed study is needed to rigorously confirm it.
Finally, we again stress that, it is still far from clear in what
condition the EW vacuum is stable from the end of the pre-
heating to the end of the thermalization process. On the one
hand, the EW vacuum stability during inflation and preheat-
ing is studied in detail in this paper as well as the previous lit-
erature [26–44]. On the other hand, it is known that the life-
time of the EW vacuum is long enough once the system is com-
pletely thermalized [26, 77]. However, we are still lacking stud-
ies on the EW vacuum (in)stability from the end of the preheat-
ing to the end of the thermalization. Just after the preheat-
ing, the momentum distribution of the Higgs (as well as the
other SM particles) is far from the thermal equilibrium, and
it evolves with time due to the scatterings while approaching
to the thermal equilibrium. It is possible that the EW vacuum
decay is activated during this thermalization process depend-
ing on the shape of the momentum distribution. For instance,
if the Higgs modes become larger than other SM particles at
some time, the vacuum decay can be enhanced; the resonant
particle production studied in this paper may be viewed as an
extreme example of this situation. Thus, it is expected that
the fate of our vacuum strongly depends on the detailed ther-
malization process. Moreover, the process of thermalization
depends also on the reheating temperature of the universe,
namely the coupling between the inflaton and SM particles
other than the Higgs. This issue is worth investigating in detail
since we cannot avoid discussions on this point to determine
an ultimate fate of the EW vacuum. Hopefully we will come
back to this issue in future publication.
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Appendix A: Tachyonic preheating after hilltop inflation
In this Appendix, we summarize the properties of tachyonic pre-
heating during the inflaton oscillation after hilltop inflation. The
most discussion below follows Ref. [48].
Let us denote by φ j the lower endpoint field value of the inflaton
after j -th inflaton oscillation and t j the time at which φ = φ j . The
endpoint is evaluated from the energy conservation:
V (φ j )−V (φ j+1) =
∫ t j+1
t j
d t 3H φ˙2 =
∫ φ j+1
φ j
dφ 3H φ˙. (A1)
The integral is dominated around the potential minimum whereφ ∼
v and |φ˙| ∼Λ2. Thus we obtain
φ j
vφ
∼

j
p
3
2
vφ
MPl
1/n
. (A2)
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Note that φ j=1 > φ
(ε)
end, where φ
(ε)
end/vφ ∼ (vφ/MPl)1/(n−1) denotes the
field value at ε= 1. The time period of j -th oscillation is given by
t j+1− t j ∼ 1mφ

vφ
φ j
(n−2)/2
, (A3)
hence it is much longer than the inverse of the mass scale around the
potential minimum, as clearly seen in Figs. 3-4.
We consider the growth of the inflaton fluctuation δφk with a
wavenumber k in the linear approximation during j + 1 oscillation:
t j ≤ t ≤ t j+1. Below, we neglect the Hubble expansion since all the
time scales are much shorter than the Hubble time scale and take the
scale factor a = 1 for notational simplicity. We further divide the one
oscillation into three phases: (a) t j < t < t
−
m , (b) t
−
m < t < t
+
m , (c)
t +m < t < t j+1, where t
±
m denotes the time when φ passes through φm ,
the field value at which V ′′ takes negative maximum value:
φm
vφ
=

n −2
2(2n −1)
1/n
. (A4)
First, in the stage (a), modes with k ® mφ experience tachyonic in-
stability within the field rangeφtac ≤φ <φm , whereφtac at which the
mode begins to be tachyonic:
φtac
vφ
' φ j
vφ
×max

1,

k
k∗
2/(n−2)
, (A5)
with k∗ ∼ mφ ( j vφ/MP )(n−2)/(2n ) corresponding to the tachyonic mass
scale around φ =φ j . Then the inflaton fluctuation δφk is enhanced
by an exponential factor e Xk with
Xk =
∫ φm
φtac
p|V ′′+k 2|
φ˙
dφ ∼
√√n (n −1)
2
log

φm
φtac

. (A6)
However, it should be noticed that the same mode also experiences
exponential decay in the third stage (c). It is easy to imagine that in
the limit of k → 0 this exponential decay during the stage (c) exactly
cancels the exponential growth during the stage (a), because it is just
the same as the dynamics of the homogeneous mode. For finite k ,
however, there is a phase shift during the stage (b), which causes a
mismatch between the growing solution in the stage (a) and the de-
caying solution in the stage (c). Schematically, the phase of δφk is
rotated during the stage (b) as
e
i
r
m2φ+k
2 t ∼ e i mφ t

1+ i
k 2
m 2φ

, (A7)
where we used k  mφ and t ∼ t +m − t −m ∼ m−1φ . Therefore, a small
fraction of k 2/m 2φ at the end of stage (b) connects to the growing mode
in the stage (c). The net enhancement factor in one oscillation is then
estimated as
Fk ≡
δφk (t j+1)δφk (t j )
∼
1+ i k 2m 2φ e 2Xk
 . (A8)
Using (A6), it is found that Fk is peaked around k ' k∗, where we have
Fk∗ ∼

m 2φ
k 2∗
xn−1
, xn ≡
p
2n (n −1)
n −2 . (A9)
Note that it is much larger than unity, hence the inflaton fluctuation is
enhanced by orders of magnitude within one oscillation for vφ MPl.
This is much different from the ordinary preheating with the paramet-
ric resonance.
The variance of the field fluctuation after the j -th inflaton oscilla-
tion is now dominated by the modes k ∼ k∗ and estimated as


δφ2
∼ k 2∗ (Fk∗ )2 j ∼m 2φ MPvφ
 n−2
n [2 j (xn−1)−1]
. (A10)
It is true if xn > 3/2 which is valid for n < 27. Thus it will take only a
few or several inflaton oscillations for the fluctuation to become non-
linear for low-scale inflation vφ MPl.
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